Aims/hypothesis Insufficient insulin secretion and reduced pancreatic beta cell mass are hallmarks of type 2 diabetes. Here, we focused on a family of serine-threonine kinases known as homeodomain-interacting protein kinases (HIPKs). HIPKs are implicated in the modulation of Wnt signalling, which plays a crucial role in transcriptional activity, and in pancreas development and maintenance. The aim of the present study was to characterise the role of HIPKs in glucose metabolism. Methods We used RNA interference to characterise the role of HIPKs in regulating insulin secretion and transcription activity. We conducted RT-PCR and western blot analyses to analyse the expression and abundance of HIPK genes and proteins in the islets of high-fat diet-fed mice. Glucoseinduced insulin secretion and beta cell proliferation were measured in islets from Hipk3 −/− mice, which have impaired glucose tolerance owing to an insulin secretion deficiency. The abundance of pancreatic duodenal homeobox (PDX)-1 and glycogen synthase kinase (GSK)-3β phosphorylation in Hipk3 −/− islets was determined by immunohistology and western blot analyses.
Introduction
Type 2 diabetes is a complex disease characterised by chronic hyperglycaemia resulting from insulin resistance and impaired beta cell function [1] [2] [3] . Accumulating evidence shows that Wnt signalling modulates beta cell function [4] [5] [6] [7] [8] [9] . The Wnts are a family of secreted glycoproteins that influence cell development via autocrine and paracrine mechanisms [10, 11] . Activation of the canonical pathway occurs by binding of Wnt ligands to the frizzled receptor. This binding triggers an intracellular signalling cascade, which leads to serine/threonine phosphorylation, inactivation of glycogen synthase kinase (GSK)-3β and destabilisation of the destruction complex, preventing GSK3β phosphorylation of β-catenin. This mechanism enables the accumulation and nuclear translocation of β-catenin. Once inside the nucleus, β-catenin acts in combination with the T cell factor to stimulate transcription of Wnt-responsive genes.
GSK-3 was originally identified as a serine/threonine kinase that inactivates glycogen synthase. GSK3 affects many cellular processes, including transcription, cell cycle regulation and apoptosis. GSK3β has been shown to affect beta cell mass, proliferation and apoptosis [12] [13] [14] .
Homeodomain-interacting protein kinases (HIPKs) are implicated in the modulation of Wnt signalling in cultured cells [15] , and in mouse [16, 17] , Drosophila [18, 19] and Xenopus embryos [20, 21] . Members of the HIPK family (HIPK1, HIPK2, HIPK3, HIPK4) were originally identified as binding partners of the neurokinin (NK) homeodomain protein [22] . HIPKs have been reported to be essential for coordinated death in early developmental stages and for the regulation of proper cell number in diverse tissue types. Studies have shown that the HIPK family, and in particular its most studied member, HIPK2, interact with, phosphorylate and modulate the function of other homeodomain proteins, as well as other transcription factors, including p53 [23] [24] [25] and carboxy-terminal binding protein (CtBP)-1 [26, 27] . HIPK2 has been reported to modulate the transcriptional activity of pancreatic duodenal homeobox (PDX)-1 [28] , which plays a crucial role in pancreas development [29] [30] [31] .
Several studies have revealed important roles of HIPK3 in the regulation of transcription and phosphorylation in cultured cells [32] [33] [34] [35] [36] . HIPK3 overproduction has been reported to enhance androgen receptor-dependent transcription in various cell lines [32] . HIPK3 induced Fas-associated death domain (FADD) phosphorylation and inhibited Fas-mediated Jun NH2-terminal kinase activation [33] . HIPK3 also increased splicing factor 1 (SF-1) activity for steroidogenic gene transcription in response to cAMP through phosphorylation of death-associated protein 6 [35] . Interestingly, HIPK1, HIPK2 and HIPK3 expression in islets from patients with type 2 diabetes is decreased by 32% (p00.326), 30% (p00.082) and 46% (p00.064), respectively, according to data from the Diabetes Genomic Anatomic Project [3] , suggesting that HIPK genes play a role in the control of beta cell function. However, the question of whether HIPKs might be involved in the effects of glucose metabolism has not been addressed.
The current study was undertaken to define the mechanisms by which HIPKs regulate glucose metabolism. Here we show that Hipk transcripts are expressed in pancreatic beta cells, and modulate insulin secretion and insulin promoter activity. We found that a high-fat diet enhanced Hipk3 expression. Moreover, our analysis of Hipk3 −/− mice revealed that they had impaired glucose tolerance due to a deficiency of insulin secretion. We also demonstrated that levels of PDX1 and phosphorylation of GSK3β were significantly decreased in Hipk3 −/− islets. Hence, our data provide evidence of a new mechanism by which insulin secretion is regulated.
Methods
RT-PCR Total RNA was isolated from mouse islets and mouse pancreas using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). RT-PCR was performed using reverse transcriptase (RevTraAce; Toyobo, Osaka, Japan). The RT-PCR products were amplified using ExTaq polymerase (Takara, Kyoto, Japan). The gene-specific primer pairs were used, as previously described [37] .
Quantitative RT-PCR Quantification of the selected genes was performed using TaqMan gene expression assays with a commercially available system (7900HT; Applied Biosystems, Foster City, CA, USA Immunoprecipitation and immunoblotting analysis of mouse islets Polyclonal anti-PDX1, anti-hepatocyte nuclear factor 4 alpha, anti-GSK3β, anti-phospho-GSK3β(Ser9), anti-β-catenin and anti-α-tubulin antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Polyclonal anti-IRS2 antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA). Islets were sonicated, using an ultrasound sonicator, in 300 to 500 μl ice-cold buffer containing: 0.5% (vol./vol.) Triton X-100, 50 mmol/l TRISHCl (pH 8.0), 100 mmol/l NaCl, 1 mmol/l EDTA, 1 mmol/l Na 3 VO 4 , 10 mmol/l NaF and 1 mmol/l phenylmethylsulfonyl fluoride. Supernatant fractions were cleared at 12,000g for 5 min, and incubated with protein A-Sepharose and each specific antibody. Samples were separated by SDSpolyacrylamide gel electrophoresis and immunodetection performed with a kit (ECL; Amersham Bioscience, Arlington Heights, IL, USA). Protein was prepared from more than 100 islets pooled from several mice of identical genotype.
RNA interference and transient transfection Small interfering RNA (siRNA)-Lipofectamine 2000 complexes were prepared using 50 nmol/l siRNA for Hipk genes (Stealth Select RNAi; Invitrogen) and control siRNA (Invitrogen). Islets were precultured for 24 h, medium was changed to OptiMEM (Invitrogen) and siRNA-Lipofectamine 2000 complexes with or without DNA-Lipofectamine 2000 complexes were added. After 8 h incubation, the transfection medium was aspirated and replaced, for an additional 48 h, with fresh culture medium containing 2.8 mmol/l glucose.
Luciferase assays Insulin reporter constructs were constructed from rat pancreas cDNA and genomic DNA using Advantage2 Taq (Invitrogen). The luciferase reporter plasmid harbouring the 5′-flanking region of rat Ins1 exon 1 (−450 to 51) was subcloned into the pGL4 vector (Promega Biosciences, Madison, WI, USA). Islets plated on to a 24 well plate were transfected with 0.5 μg of each luciferase reporter plasmid and 0.02 μg Renilla luciferase plasmid with the herpes simplex virus thymidine kinase promoter (phRL-TK) using Lipofectamine 2000. Cells were collected 48 h after transfection and luciferase assays were carried out (Promega).
Chromatin immunoprecipitation assay Assays were performed in mouse islets. A chromatin immunoprecipitation (ChIP) assay kit (Upstate, Lake Placid, NY, USA) was used according to procedures suggested by the manufacturer. After crossing and sonication, cell lysates were immunoprecipitated with the indicated antibodies. The eluted genomic DNA from immunoprecipitates was subjected to PCR amplification. Anti-HIPK1, anti-HIPK2, anti-HIPK3 and anti-PDX1 antibodies, as well as control rabbit IgG (Santa Cruz Biotechnology) were used in ChIP assays. For PCR primer sequences, see electronic supplementary material (ESM) Table 1 .
Analysis of Hipk3
−/− mice Mice deficient for Hipk3 were generated using the gene trapping method developed by Lexicon Genetics (Woodlands, TX, USA) and supplied by CLEA (Tokyo, Japan). The artificial DNA was designed such that it could be inserted randomly into any gene, preventing the RNA splicing mechanism from working properly and thereby knocking out the gene's function. Mice were fasted for >16 h before the glucose tolerance test, then loaded with 1.5 mg/g body weight glucose by oral or intraperitoneal administration. Blood samples were collected from the orbital sinus at various time points and glucose measured using an automatic blood glucose meter (Glutest Ace; Sanwa Kagaku, Nagoya, Japan). Insulin and GLP-1 levels were determined using a mouse insulin ELISA kit (Shibayagi, Shibukawa, Japan) and GLP-1 ELISA kit (Wako, Osaka, Japan), respectively. Mice were intraperitoneally challenged with 0.75 mU/g body weight human insulin (Novolin R; Novo Nordisk, Bagsvaerd, Denmark) in an insulin tolerance test. Animal care and the procedures of the experiments were approved by the Animal Care Committee of the University of Tokyo.
Histological and immunohistochemical analysis of mouse islets Female mice (n04) aged 8 to 20 weeks were used for each genotype and 20 sections of islets were evaluated for morphometry. We studied four animals each per genotype and diet. Analysis was based on cell counts ranging from 1,500 to 2,000 per control and transgenic mouse islet samples. Tissues were routinely processed for paraffin embedding, and 4 μm sections were cut and mounted on silanised slides. Pancreatic sections were stained with anti-insulin, anti-HIPK3 anti-proliferating cell nuclear antigen (PCNA), anti-PDX1 and anti-phspho-GSK3β antibodies. Nonspecific staining was blocked by 2 mg/ml poly-L-lysine pre-absorption [38] . Images of pancreatic tissue and islet beta cells were viewed on the monitor of a computer through a microscope connected to a charge-coupled device camera (Olympus, Tokyo, Japan). The areas of the pancreas, beta cells and non-beta cells were traced manually and analysed with Win ROOF software (Mitani, Fukui, Japan).
Islet isolation and culture Mouse pancreas was incubated for 30 min at 37°C in 2.5 ml KRB buffer containing collagenase (Sigma-Aldrich, St Louis, MO, USA). The pancreas was dispersed by pipetting and washed twice with KRB buffer. Mouse recombinant Wnt3a was purchased from Wako. Glibenclamide, LiCl and 1-azakenpaullone were purchased form Sigma-Aldrich. Static incubation was performed for 1 h at 37°C with ten islets per tube after 20 min of preincubation. Insulin levels were determined with a mouse insulin ELISA kit (Shibayagi). For the perifusion experiment, ten islets of similar size were maintained in KRB buffer delivered using a peristaltic pump. Perifusion was as follows: 30 min with KRB buffer containing 2.8 mmol/l glucose; 20 min with KRB buffer containing 20 mmol/l glucose; 40 min with KRB buffer containing 2.8 mmol/l glucose; 10 min with KRB buffer containing 2.8 mmol/l KCl; and 30 min with KRB buffer containing 2.8 mmol/l glucose. Perifusate was collected every 5 min. At the end of the perifusion, islets were collected by handpicking and extracted with 0.18 mol/l HCl in 70% ethanol for determination of insulin content.
ATP measurement ATP measurement of islets was performed as previously described with some modifications [39] . After preincubation, 1 ml fresh KRB buffer containing 2.8, 10 or 22 mmol/l glucose was introduced. Incubation was carried out for 1 h at 37°C and stopped by adding trichloroacetic acid. ATP content of the cells was assayed in duplicate by the luminometric method using an ATP bioluminescent assay kit (Sigma).
Two-photon excitation imaging Two-photon excitation imaging of islets was performed as previously described [40] . Ca 2+ measurements were performed using fura-2 as the Ca Statistical analysis All data are presented as the mean± SEM of independent replicates. All statistical analyses were performed by one-way ANOVA or χ 2 analysis as indicated.
Results
The reduction of Hipk1, Hipk2 and Hipk3 expression by RNA interference attenuates insulin secretion We assessed the expression of Hipk family genes by RT-PCR using cDNA prepared from isolated mouse islets. Hipk family expression was detected in islets ( Fig. 1a) . Quantitative RT-PCR using TaqMan gene expression assays revealed that the expression of Hipk2 and Hipk3 was two-and 2.5-fold higher, respectively, than that of Hipk1 (Fig. 1b,c ). We estimated whether Hipk genes can also decrease insulin secretion from isolated islets. siRNA to Hipk1, Hipk2 and Hipk3 suppressed endogenous expression by 45%, 44% and 46%, respectively (Fig. 1d) , leading upon stimulation with 20 mmol/l glucose to decreases in insulin secretion by 42%, 44% and 46%, respectively (Fig. 1d ). We also found that simultaneous inhibition of Hipk1 and Hipk2, Hipk2 and Hipk3, and Hipk1 and Hipk3 inhibited insulin secretion by 52%, 54% and 56%, respectively (Fig. 1e ). Simultaneous inhibition of Hipk1, Hipk2 and Hipk3 inhibited insulin secretion by 78% (Fig. 1e ). These observations suggest that the additive inhibition of Hipk genes leads to impaired beta cell function. To evaluate whether Hipk genes also affect insulin promoter transcriptional activity, we conducted luciferase assays using RNA interference approaches. siRNA to Hipk1, Hipk2 and Hipk3 decreased insulin promoter transcriptional activity in isolated mouse islets by 38%, 44% and 52%, respectively (Fig. 1f) . Endogenous insulin transcript levels were assessed by quantitative RT-PCR and correlated with the results obtained in luciferase reporter assays (Fig. 1g) . ChIP assay revealed that HIPKs interacted with the insulin promoter (Fig. 1h ).
Hipk family expression in the islets of mice fed a high-fat diet mRNA expression of Hipk1, Hipk2, and Hipk3 was increased in the extracts of islets isolated from B6 mice fed a high-fat diet for 12 weeks, compared with islets from control chow-fed B6 mice. Increases were by 44%, 78% and 109%, respectively (Fig. 2a) . HIPK1, HIPK2 and HIPK3 levels were increased by 41%, 98% and 112%, respectively, in the extracts of islets isolated from B6 mice fed a high-fat diet (Fig. 2b) , indicating that HIPK3 accumulation may correlate with glucose tolerance in this environmental model of type 2 diabetes.
Hipk3 expression is enhanced in the islets of db/db mice We examined Hipk3 expression in db/db mice. Hipk3 mRNA was increased by 96% and 54%, respectively, in the extracts of islets isolated from 8-and 20-week-old db/db mice compared with 8-week-old control mouse islets (Fig. 2c) . HIPK3 protein was increased by 94% and 51%, respectively, in the extracts of islets isolated from 8-and 20-week-old db/db mice compared with 8-week-old control mouse islets (Fig. 2d) . We also performed immunohistochemical analysis, finding that HIPK3 levels were increased in islets from db/db mice (Fig. 2e) . This indicates that HIPK3 accumulation correlates with glucose tolerance in this genetic model of type 2 diabetes.
Hipk3
−/− mice had impaired insulin secretion To elucidate the physiological role of HIPK3 in glucose metabolism, we examined the phenotypes of Hipk3 −/− mice. Hipk3 −/− mice showed normal weight gain on a standard and a high-fat diet (Fig. 3a) . Their overall appearance at death after 12 weeks on a high-fat diet revealed no difference between Hipk3
and wild-type mice on either a standard or a high-fat diet. We performed the OGTT on mice fed a standard diet. Hipk3 −/− mice fed a standard diet had significantly impaired glucose tolerance (Fig. 3b) and decreased insulin response to glucose (Fig. 3c ) compared with wild-type mice. Under standard diet conditions, intraperitoneal glucose tolerance and glucose-dependent insulin secretion of Hipk3 −/− mice were similar to those of wild-type mice (Fig. 3b) . Hipk3
mice had significantly impaired GLP-1 secretion during an OGTT compared with that of wild-type mice (Fig. 3d ).
−/− mice fed a high-fat diet for 4 and 12 weeks had significantly impaired glucose tolerance (Fig. 3e, f) and decreased insulin response to glucose (Fig. 3g , h, k) compared with wild-type mice. The glucose-lowering effect of insulin did not differ between Hipk3 −/− and wild-type mice on a standard or a high-fat diet (Fig. 3i, j, l) , supporting the hypothesis that glucose intolerance in Hipk3 −/− mice was Loss of Hipk3 decreases glucose-induced insulin secretion We next determined glucose-induced insulin secretion in Hipk3 −/− mice by static incubation of the same numbers of islets. Whereas insulin secretion into the medium by islets from Hipk3 −/− and wild-type mice was similar at 2.8 mmol/ l glucose, insulin secretion by islets from Hipk3 −/− mice was significantly decreased at 11 and 20 mmol/l glucose compared with islets from wild-type mice (Fig. 4a) . However, the secretory response in Hipk3 −/− mouse islets was restored by treatment with KCl or glibenclamide (Fig. 4b) . To characterise the molecular defect in insulin secretion, we performed pancreas perifusion experiments. In Hipk3 −/− mice, the insulin secretory response to 20 mmol/l glucose was delayed and decreased abundance in islets from mice fed a high-fat (black bars; white bars, control) diet (n04). Quantitative RT-PCR analysis of Hipk3 was done in islets isolated from wild-type mice. Protein was prepared from more than 100 islets pooled from several mice. Protein samples from lysates of isolated islets were immunoprecipitated using anti-HIPK1, -HIPK2 and -HIPK3 antibodies, and separated by SDS-PAGE. Western blot analyses were performed with the same antibodies. (c) Changes to Hipk3 mRNA expression and (d) protein levels in islets from 8-week-old (8W) and 20-week-old (20W) db/db mice (n04). RT-PCR analysis of Hipk3 was done in islets isolated from wild-type mice.
Samples were normalised using α-tubulin. Protein samples from lysates of isolated islets were separated by SDS-PAGE and western blot analyses performed using anti-HIPK3 antibody. (e) Immunohistochemical analysis of paraffin-embedded sections from 8-and 20-weekold db/db mice using anti-insulin and anti-HIPK3 antibodies. Scale bars, 100 μm. (f) OGTT results for mice fed a high-fat diet (continuous black line; dotted line, control diet) and (g) for db/db mice (dotted line, control; thick black line, db/db 8 weeks old; thin black line, db/db 20 weeks old). Data represent means±SEM; *p<0.05 and **p<0.01 compared with control (Fig. 4c) . The ATP content was significantly decreased in Hipk3 −/− islets (Fig. 4d) . The increase in intracellular calcium concentration in response to glucose was impaired in islets of Hipk3 −/− mice (Fig. 4e) .
Loss of Hipk3 decreases beta cell proliferation and increases apoptosis Although the insulin content of islets from Hipk3
−/− mice was not decreased at week 4 of a highfat diet, it was significantly decreased at week 12 of a high- (Fig. 4f, g) . Similarly, the proportion of islets to total area of dissected pancreas from Hipk3 −/− mice was not decreased at week 4 of a high-fat diet, but was significantly decreased at week12 of a high-fat diet (Fig. 5a, b) . We estimated beta cell proliferation on the basis of PCNA staining. During high-fat diet conditions, significantly more PCNA-positive cells were observed in the islets of wild-type mice than in Hipk3 −/− mice (Fig. 5a, c) . We estimated islet cell apoptosis on the basis of TUNEL staining. During highfat diet conditions, significantly more TUNEL-positive cells were observed in the islets of wild-type mice than in Hipk3 −/− mice (Fig. 5a, d ). In summary, HIPK3 has an effect on beta cell secretory function, beta cell proliferation and apoptosis.
Decreased PDX1 and GSK3β phosphorylation in the absence of Hipk3 To identify the mechanism underlying the loss of glucose-stimulated insulin secretion and beta cell proliferation, we evaluated the mediators of HIPK3-regulated genes relative to islet function. Expression of Pdx1, a beta cellspecific transcription factor, was significantly decreased in the islets of Hipk3 −/− mice fed a high-fat diet for 12 weeks, falling by approximately 50% (Fig. 6a, m, n) . Notably, we detected decreases of 34% and 30% in Gck and Slc2a2 mRNA expression in Hipk3 −/− mice, indicating that loss of HIPK3 negatively modulates the expression of these genes that encode glucosesensing proteins (Fig. 6b, c) . Moreover, we observed significantly reduced mRNA levels of Hnf4a and Tcf7l2 in Hipk3 −/− and wildtype mice (n04). Data represent means±SEM; *p<0.05 and **p<0.01 compared with wild-type control mice islets, suggesting that HIPK3 plays a role in influencing the expression of transcription factors. Additionally, cyclin D1 gene expression (Fig. 6d), GSK3β phosphorylation (Fig. 6m,  o) and β-catenin abundance (Fig. 6m, p) were decreased in the islets of Hipk3 −/− mice, indicating a role of HIPK3 in Wnt signalling. Histological analysis showed that nuclear PDX1 abundance was significantly decreased in the islets of Hipk3 −/− mice fed a high-fat diet for 12 weeks (Fig. 6q, r) .
Histological analysis also showed that GSK3β phosphorylation was decreased in the islets of Hipk3 −/− mice (Fig. 6s) .
Wnt signalling lessens the decrease in insulin secretion induced by loss of Hipk3 We investigated whether Wnt signalling can also increase glucose-stimulated insulin secretion in Hipk3 −/− islets. Wnt3a enhanced insulin secretion by 19% in Hipk3 −/− islets (Fig. 7a ) upon 20 mmol/l glucose stimulation. We also found that the GSK3 inhibitor LiCl and 1-azakenpaullone treatment enhanced insulin secretion in Hipk3 −/− islets by 31% and 28%, respectively, upon 20 mmol/l glucose stimulation (Fig. 7b, c) . These observations suggest that impaired Wnt signalling caused by Hipk3 deficiency leads to impaired beta cell function.
Discussion
It is becoming increasingly clear that the diverse biological consequences of the loss of HIPK activity include the coordinated death of cells in earlier developmental stages and the dysregulation of proper cell number in diverse tissue types.
Mice that are deficient for Hipk1 and Hipk2 singly have a normal overall appearance, a finding that is probably due to a functional redundancy between HIPK1 and HIPK2 [41] . However, Hipk1 −/− mice. Pancreatic sections were stained with anti-phspho-GSK3β(Ser9) antibodies. Analysis was based on the counting of 1,705 and 1,692 cells, respectively, per islet sample from wild-type (n04) and Hipk3 −/− (n04) mice fed a high-fat diet for 12 weeks, and (control diet) on the counting of 1,875 and 1,586 cells, respectively, per islet sample from wild-type (n04) and Hipk3 −/− (n04) mice. Scale bars (q, s), 100 μm. Data represent means±SEM; *p<0.05 and **p<0.01 compared with wild-type control mice insulin secretion, we anticipate that HIPK3 may serve unique physiological roles especially in diabetes-prone circumstances such as a high-fat diet.
We also analysed Hipk3 −/− mice. Major changes in gene phenotype were found with very modest increases in glucose levels, such as impaired glucose tolerance. Changes in islet gene expression can be explained by Hipk3 deficiency and glucose toxicity. HIPK2 positively influences PDX1 levels and transcriptional activity, and directly phosphorylates the C-terminal portion of PDX1 [28] . HIPK2 is a potential kinase for PDX1 Ser-269, with high glucose concentrations decreasing the degree of phosphorylation on PDX1 Ser-269 in beta cells [42] . We showed that the number of PDX1-positive cells was reduced by 20% in Hipk3-knockout mice on a 12 week high-fat diet (Fig. 6r) . The insulin content was reduced by 18% in the same conditions (Fig. 4f) . Thus, we speculate that decreased PDX1 positivity is related to beta cell mass reduction. Considering the role of PDX1 in beta cells and non-beta cells, HIPK may affect beta cells and non-beta cells, and reduce beta cell mass. Further studies are needed to clarify the mechanisms of beta cell reduction that decreased PDX1 positivity. HIPK3 has been shown to augment transcription of androgen receptor [32], SF-1 [35] and runt-related transcription factor 2 [36] . In this study, we identified HIPK3 as a novel modulator of PDX1 abundance. Several transcription factors converge on regulatory areas within the Pdx1 promoter [43] [44] [45] , including NKx2.2, a member of the NK-2 family of homeobox genes [44, 45] . HIPKs possess a homeodomain-interacting domain that is important for enhancing the repressor activities of NK homeodomain transcription factors [22] , allowing the possibility that HIPK3 may affect PDX1 levels via interacting factors that promote PDX1 transcription.
We showed that insulin transcript levels are correlated with the results of luciferase assays. We used rat insulin promoter instead of mouse insulin promoter, and this difference in species may have affected our results. Concerning the effect of HIPK on insulin expression, HIPK may interact with the insulin promoter or act by modulating PDX1 levels. Further studies are needed to elucidate the mechanisms by which HIPK affects insulin expression.
This study also revealed the involvement of the Wnt-GSK3β-β-catenin cascade in the action of HIPK3. Wnt signalling influences endocrine pancreas development and modulates mature beta cell functions, including insulin secretion, beta cell survival and beta cell proliferation [6] [7] [8] [9] . Treatment with Wnt ligands increases glucose-induced insulin secretion in wild-type islets, but not in islets deficient in the Wnt co-receptor, lipoprotein receptor-related protein 5, suggesting a deficit in glucose sensing in islets when canonical Wnt signalling is impaired [46] . β-Catenin is sufficient to induce proliferation markers and to increase beta cell mass in transgenic mice [4] . Adipocyte-derived Wnt signalling molecules induce cyclin D1 transcription, and the proliferation of beta cell lines and primary murine beta cells [5] . Beta cell-specific Gsk3b knockout prevents diabetes in Irs2-knockout [13] and high-fat diet-fed mice [14] through expanded beta cell mass with increased beta cell proliferation. In line with these reports, we have shown that beta cell proliferation is decreased in Hipk3 −/− mouse islets upon feeding a high-fat diet. In contrast to our findings, pancreas-specific depletion of β-catenin has been shown to lead to acinar cell hypoplasia, but not to change the mass and function of islets [47] . This discrepancy might be explained by β-catenin-independent signal transduction downstream of HIPK3. Previous reports indicate that β-catenin and transcription factor 7 like 2, T cell specific, HMG box regulate proglucagon gene expression and GLP-1 synthesis in enteroendocrine cells [48, 49] . In this study, we obtained evidence that HIPK3 deficiency lowered GLP-1 concentrations and impaired glucose tolerance. It can thus be speculated that HIPK3 activates the Wnt signalling pathway for GLP-1 synthesis and secretion. Furthermore, HIPK3 may alter the response of intestinal K cells to known secretagogues, including nutrients, fatty acids and related molecules. These hypotheses deserve further examination.
In conclusion, HIPK3 has a role in insulin secretion, affecting the levels of pancreatic PDX1 and GSK3β phosphorylation. Thus, targeting HIPK3 with novel agonists could lead to new therapeutic strategies for preserving beta cell function. The present results provide new insight into the pathogenesis of type 2 diabetes.
